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We analyse the possible contribution of topological defects to cosmic microwave anisotropies, both
temperature and polarisation. We allow for the presence of both inflationary scalars and tensors,
and of polarised dust foregrounds that may contribute to or dominate the B-mode polarisation
signal. We confirm and quantify our previous statements that topological defects on their own are
a poor fit to the B-mode signal. However, adding topological defects to a models with a tensor
component or a dust component improves the fit around ℓ = 200. Fitting simultaneously to both
temperature and polarisation data, we find that textures fit almost as well as tensors (∆χ2 = 2.0),
while Abelian Higgs strings are ruled out as the sole source of the B-mode signal at low ℓ. The 95%
confidence upper limits on models combining defects and dust are Gµ < 2.7× 10−7 (Abelian Higgs
strings), Gµ < 9.8× 10−7 (semilocal strings) and Gµ < 7.3× 10−7 (textures), a small reduction on
the Planck bounds. The most economical fit overall is obtained by the standard ΛCDM model with
a polarised dust component.
I. INTRODUCTION
The recent detection of B-mode polarisation [1–3]
opens a new avenue for constraining models of the early
Universe at very high energy. The claim by the BICEP2
collaboration that the B-mode polarisation on large an-
gular scales [3] is caused by primordial inflationary tensor
modes has generated great excitement, and stimulated
the search for other possible B-mode polarization sources
signalling new physics, such as cosmic defects [4, 5], self-
ordering scalar fields [6] or primordial magnetic fields [7].
However, it has subsequently become apparent that con-
ventional astrophysics can plausibly account for the en-
tire observed B-mode signal with polarised dust emission
[8, 9]. At the very least it is clear that dust contamina-
tion must be explored alongside any proposed primordial
contribution.
In a previous paper [4] we showed that the predicted
spectra from defects had the wrong shape to entirely
explain the observed B-mode signal at low multipoles,
although a good fit could be obtained in combination
with inflationary tensors. However, we did not consider
the possibility of foreground contributions to the polar-
isation, nor did we analyse the BICEP2 data in combi-
nation with other cosmic microwave background (CMB)
datasets. In this article we complement our previous pa-
per by providing a comprehensive analysis of the defect
contribution to the microwave anisotropies, both in tem-
perature and polarisation, allowing all three of the above
signal sources, i.e., inflationary gravitational waves, dust,
and cosmic defects.
Cosmic defects produce B-mode polarization through
both tensor and vector modes (see e.g. Refs. [10–15] for
reviews). The relative proportions of scalar, vector and
tensor perturbations are essentially fixed for a given type
of defect, so a constraint on one of the modes will imply
constraints on the others. It is worth noting that even
though defects are highly constrained via the CMB tem-
perature anisotropies [16–22], they can still contribute
importantly to the B-mode polarization.
In our analysis we study three types of cosmic defects:
Abelian Higgs strings [23], O(4) global textures [24], and
semilocal strings [25–28]. Other defect models exist, such
as self-ordering scalar fields, global monopoles, and global
strings. However, with the three types of defects under
consideration we are able to obtain a global view of the
interplay between cosmic defects and the other signals,
and can also study where the differences between the dif-
ferent defect predictions are important. The imprints of
defects on the temperature and polarization power spec-
tra are qualitatively similar [12, 29–35], though there are
important quantitative differences.
In the next section we describe the defect models we
have considered. In Section III we describe the methodol-
ogy, cosmological models and datasets that we have used.
The results of the analysis are reported in Section IV, and
in the final section we present conclusions and discussion.
II. CMB SPECTRA FROM DEFECTS
The cosmic defects that are most strongly motivated
by particle physics, as they arise from spontaneously-
broken gauge symmetries, are cosmic strings [10, 11, 14,
36]. They are predicted to form in many high-energy
inflationary models [37–45]. Our two other examples of
cosmic defects, textures and semilocal strings, arise when
spontaneously-broken global symmetries are present.
2The perturbation power spectra of topological defects
can be calculated from numerical simulations of an un-
derlying field theory in an expanding cosmological model
[29, 32–34]. Cosmic string spectra have been calculated
for the Abelian Higgs model [29–31], textures in an O(4)
non-linear [12, 32, 33] or linear [34] σ-model, and semilo-
cal strings in a U(1) theory with an extra SU(2) global
symmetry [34].
Another approach to model cosmic string networks, in-
cluding those arising from superstring models, is based
on simulating directly the evolution of string-like objects
based on the Nambu-Goto action [46–53]. There has been
very intense work into understanding the loop generation
and dynamics in this model [54–60]. However, there is
no numerical simulation of the Nambu-Goto model cal-
culating the full CMB temperature or polarization spec-
tra, although there has been some work in that direction
[61, 62]. An alternative to full Nambu-Goto type sim-
ulations is afforded by the unconnected segment model
(USM) [63–65], which introduces an extra layer of mod-
eling and can be tuned to mimic not only Nambu-Goto
strings but also the behaviour of Abelian-Higgs string
networks, in which case it gives a good approximation to
the power spectra of the CMB anisotropies [18].
There are also other approaches for the other defects
considered in this work. For textures, there is an analytic
approximation in the large N limit of the O(N) non-
linear σ-model [66]. In Ref. [34] a comparison between
the linear and non-linear σ-model can be found, showing
that they are very close. There is also a model describing
the evolution of semilocal strings [67, 68].
The defect spectra used in this paper were calculated in
Refs. [31, 34] using a modified version of CMBeasy [69],
with the best-fit parameters of the WMAP 7-year analy-
sis [70]. We do not vary the cosmological model used for
computing the defect spectra, as the spectra change little
for the allowed range of cosmological parameters. Since
the defect contribution is sub-dominant in the temper-
ature power spectrum, the resulting inaccuracies in the
parameter posteriors are insignificant.
Figure 1 shows the power spectra obtained from the
field theoretical simulations of Abelian Higgs strings
(AH) [31], semilocal strings (SL), and textures (TX) [34],
for the temperature and B-mode polarization spectra,
normalised to the Planck temperature power spectrum
at ℓ = 10. There are important differences between the
power spectra obtained from defects or from inflation.
Defects produce scalar, vector and tensor perturbations
in proportions which are fixed for a given defect model,
while in inflationary models vector modes are absent and
the tensor contribution can vary almost independently
of the scalar, apart from the inflationary consistency re-
lation [71]. In addition, defect-induced polarization is
suppressed on large angular scales, as causality requires
their fluctuations to be uncorrelated beyond the horizon
distance at decoupling [6].
The amplitude of the perturbations produced by de-
fects is usually parametrised by the dimensionless num-
ber Gµ, where G is Newton’s constant and µ = 2πv2,
where v is the expectation value of the canonically-
normalised symmetry-breaking field, assumed complex.1
A parameter often used to quantify the contribution of
defects to the power spectrum is f10, which is the frac-
tional contribution of defects to the total model tem-
perature power spectrum at multipole ℓ = 10. With
these definitions, and for small contributions from de-
fects, f10 ∝ (Gµ)
2. The values of Gµ needed to fit the
Planck data at ℓ = 10 (i.e. the value for which f10 = 1),
and the Planck 95% upper bounds for Gµ and f10, can
be found in Table I. Note that Gµ10 is calculated as the
normalization of strings needed to match the observed
power at ℓ = 10, whereas the limit on f10 is the upper
bound on the ratio of the power in strings to the total
power in the best-fit model at ℓ = 10.
CMB data already put strong constraints on the de-
fect contribution in models which combine it with a pri-
mordial inflationary power spectrum, mainly through the
increasingly accurate measurement of the temperature
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FIG. 1: Temperature (TT) and B-mode polarization (BB)
defect spectra, normalized to make the temperature spectra
match Planck data at ℓ = 10. Different lines correspond to
textures (solid red line), semilocal strings (dashed black line),
and Abelian Higgs strings (dot-dashed blue line).
1 For Abelian Higgs strings at critical coupling, µ is the energy per
unit length. For a theory with a canonically-normalized scalar
field with expectation value κ, we have Gµ = πκ2. The texture
literature uses a parameter ǫ, defined as ǫ = 4πGκ2 [33]. For
details see the appendix in Ref. [34].
3Gµ10 Gµ (< 95%) f10 (< 95%)
Abelian Higgs strings 19× 10−7 3.2× 10−7 0.024
Semilocal strings 53× 10−7 11× 10−7 0.041
Textures 44× 10−7 11× 10−7 0.054
TABLE I: Gµ10 is the normalization of different defects to
match the observed ℓ = 10 multipole value (i.e. to explain the
full temperature signal at that multipole, f10 = 1). The last
two columns show the 95% confidence upper limit obtained by
the Planck collaboration [22] for the Planck + WP + High-ℓ
dataset.
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FIG. 2: Defect spectra normalised to the 95% upper limits
obtained using Planck + WP + High-ℓ. Different lines cor-
respond to textures (solid red line), semilocal strings (dashed
black line), and Abelian Higgs strings (dot-dashed blue line).
power spectrum to higher and higher multipoles [16–22].
Figure 2 shows the temperature and B-mode spectra for
AH, SL and TX at the upper 95% level for defects ob-
tained in Ref. [22]. Even though the shapes of the spectra
are similar (see Fig. 1) the peaks are not exactly at the
same ℓ, and they fall off at different rates at high ℓ. The
cosmic string model (AH) has the slowest fall-off, and its
amplitude is the most tightly constrained by the temper-
ature data. As a result, the possible B-mode contribution
is the smallest at low ℓ (lower panel).
As explained in Ref. [4], and as is also clear from
Fig. 2, the shape of the power spectrum of the defects
is qualitatively wrong, and cannot give a good fit to
BICEP2 data. Including the constraint from the tem-
perature power spectrum is likely to make the fit even
worse. A similar conclusion was obtained in Ref. [6] for
self-ordering scalar fields, which is understandable since
self-ordering scalar fields are closely related to the O(4)
model under study here.
An apparently contradictory conclusion was obtained
in Ref. [5], where the BICEP2 data was fitted to the
USM, allowing the inter-string distance parameter to
vary. They found that a string-only model differed in
χ2 by only 2.65 from the best-fit model with primordial
tensor modes, albeit for inter-string distance values larger
than the causal horizon at decoupling. It was suggested
the model spectrum was representative of global strings
or textures. Numerical simulations of textures do show
that they have a larger correlation length than the other
defects, and hence a B-mode peak at lower ℓ, but it is also
apparent from a comparison of Fig. 2 to Fig. 1 of Ref. [5]
that the shape of the texture power spectrum at low ℓ
is not accurately modelled by the USM. For example, at
ℓ = 70, the best-fit USM spectrum is approximately 50%
higher than the texture spectrum, and twice as high at
ℓ = 40, which will tend to make the texture spectrum a
worse fit to the data.
We will see (Table II) that, when fitting BICEP2 data
only, the ∆χ2 between the O(4) texture model and pri-
mordial tensor modes is 5.0, significantly larger than the
USM best-fit value. We will also see that textures can
combine with primordial gravitational waves to improve
the fit to the BICEP2 data, as they help with the points
at ℓ & 200 which are above the lensing signal [4–6].
Note that while a super-horizon inter-string distance is
physically questionable, it was argued [5] that one could
appear in models where the string-forming phase transi-
tion happens during inflation, leading to the delayed on-
set of scaling in the string network. However, an analysis
of the delayed scaling model which takes into account the
dynamics of the inter-string distance finds that a string-
only model described by the USM is not a good fit [72].
III. MODELS AND METHODOLOGY
We perform a set of parameter estimations for models
where defects coexist with other sources of B-mode po-
larisation, namely inflationary gravitational waves, dust
and lensing. The lensing signal is always present, and
was recently detected by POLARBEAR [1, 2]. However,
the extra constraining power of the POLARBEAR data
is weak, and for simplicity we do not include it in our
analysis.
In order to reliably explore the parameter space we
perform Markov Chain Monte-Carlo (MCMC) runs with
the publicly-available Monte Python code [73, 74], which
uses Class [75, 76] as its Boltzmann equation solver for
the inflationary component of the power spectrum. We
compare our predictions to the following CMB datasets:
• Planck+WP: Planck 2013 data [77] (low-ℓ and
high-ℓ), including WMAP 9 year [78] low-ℓ polari-
sation data.
4• High-ℓ: SPT [79, 80] and ACT [81].
• BICEP2: BICEP2 BB polarization data [3].
The likelihoods are the official codes provided by each
experiment.2
The basic inflationary ΛCDMmodel, the “Power-Law”
(PL) model, is represented by the following set of param-
eters:
{Ωch
2,Ωbh
2, τ,H0, As, ns} (1)
where Ωch
2 is the physical cold dark matter density, Ωbh
2
is the baryon density, τ is the optical depth to reioniza-
tion, H0 is the Hubble constant, As is the amplitude of
the scalar spectrum, and ns its spectral index.
We add a number of extra ingredients to the PL
model, sometimes by themselves, sometimes in combi-
nations. Our main extra ingredient is given by topolog-
ical defects parametrized as (Gµ)2, for each of the three
models explained in the previous section (Abelian Higgs
cosmic strings AH, textures TX, or semilocal strings
SL). Another parameter describing an extra ingredient
is r which parametrises the amount of inflationary grav-
itational waves through the tensor-to-scalar ratio (at
k = 0.002Mpc−1). Scalar perturbation quantities are
also specified at a pivot scale k = 0.002Mpc−1.
The BICEP2 collaboration included also the running
of the scalar spectral index αs in order to improve the
agreement between the BICEP2 and Planck data [3]. Al-
though several papers [82–84], showed that there is no
worrying tension between BICEP2 and Planck data, we
nevertheless also study the impact of αs here.
As mentioned above, the observed B-mode polariza-
tion signal may have a contribution from polarised dust
emission [8, 9]. We characterized this B-mode channel
by Adust
3, using the dust model proposed by the Planck
collaboration [85]:
CBB,dustℓ = Adustℓ
−2.3 (2)
Our models are constructed using those building blocks,
starting from the models with just one extra ingredient,
and moving to more complex models where several addi-
tional ingredients are present simultaneously.
2 Although there may be minor differences between the likelihood
used by the BICEP2 collaboration in their publication [3] and
the public version [82], we expect that this is not important for
our main conclusions.
3 Another parametrisation of dust is used in the literature, given
by ∆2BB , which is related to ours via
∆2BB,dust,ℓ =
ℓ2
2π
Cℓ =
Adust
2π
ℓ−0.3
IV. RESULTS
In this section we present the results from fitting dif-
ferent combinations of datasets with various cosmological
models.
First, in subsection IVA we fit CMB data with our ba-
sic model (PL) with defects Gµ, with inflationary tensor
modes r, and with both r and Gµ. The CMB data chosen
are the BICEP2 data alone (for which we only fit for the
B-mode spectrum), or all the CMB data. We also con-
sidered the case where the data used did not include the
High-ℓ data, but the results for both these two choices
of data (with and without High-ℓ) were identical, so we
only show the parameter constraints with all the CMB
data. In subsection IVB we consider a model where the
running of the scalar spectral index αs is also free. The
last case, subsection IVC, corresponds to models which
include a dust contribution as described above.
The results showed in the Tables in the subsequent
sections state only the relevant parameters for the given
case. In all cases flat parameter priors were used,
in the case of defects the prior being flat in (Gµ)2
which is proportional to the fractional defect contribu-
tion to the power spectra f10. The prior ranges were
0 < 1012(Gµ)2 < 4 and 0 < Adust/(µK)
2 < 0.75. All
other parameters, including foreground parameters with
the exception of the new polarised dust amplitude, were
modelled as in the Planck collaboration papers [77, 86].
A. Primordial tensor modes and defects
We begin the analysis by extending the results of our
previous paper [4] with quantitative statements. All re-
sults, using only BICEP2 BB data and using the full
CMB set, can be found in Tables II and III respectively.
The structure of the tables is the following: on the left we
show results from chains containing defects; on the right-
hand side, we show results from models without defects,
included here as reference values.
The values in Table II, especially best-fit likelihoods,
show that the fit is rather poor, as suggested in Ref. [4].
Actually, for a model with only one extra component,
none of the defect models (PL+Gµ) provides a fit that
is comparable to the model including only inflationary
gravitational waves (PL+ r), although the texture fit is
only moderately worse.
We then fit the BICEP2 data with a model which con-
tains both defects and gravitational waves (PL+r+Gµ),
in order to assess whether defects could assist tensor
modes. As mentioned before, at low ℓ defects cannot
explain the power measured. Nevertheless, defects peak
at higher ℓ, which might help to fit those points that lie
above the lensing curve. The fit is improved (the like-
lihood is better), although it should be noted that this
last model has 2 extra ingredients.
As a next step we use the full CMB dataset (Planck +
WP + High-ℓ + BICEP2) and include the contributions
5Dataset BICEP2 (only BB)
Model PL+Gµ PL+ r +Gµ PL+ r
Param AH SL TX AH SL TX -
r - - - 0.14+0.04
−0.06 0.14
+0.04
−0.06 0.14
+0.04
−0.06 0.21
+0.04
−0.05
1012(Gµ)2 0.40+0.07
−0.08 1.73
+0.29
−0.32 0.86
+0.14
−0.16 0.20
+0.08
−0.09 0.87
+0.34
−0.39 0.43
+0.17
−0.20 -
− lnLmax 8.1 7.4 6.8 1.6 1.6 1.8 4.3
TABLE II: Parameter estimations and best-fit likelihood values for various cosmological models, fitting for the BICEP2 data.
Only the B-mode is used for these estimations.
Dataset Planck + WP + High-ℓ + BICEP2
Model PL+Gµ PL+ r +Gµ PL+ r
Param AH SL TX AH SL TX -
ns 0.955
+0.007
−0.008 0.964
+0.007
−0.008 0.962
+0.007
−0.007 0.963
+0.007
−0.008 0.966
+0.008
−0.008 0.965
+0.007
−0.007 0.962
+0.007
−0.007
r - - - 0.14+0.03
−0.04 0.10
+0.03
−0.04 0.09
+0.03
−0.04 0.15
+0.03
−0.04
1012(Gµ)2 0.084+0.026
−0.025 1.34
+0.27
−0.29 0.73
+0.14
−0.15 < 0.083 < 1.3 < 0.74 -
f10 0.021
+0.006
−0.006 0.044
+0.009
−0.010 0.035
+0.006
−0.007 < 0.020 < 0.042 < 0.035 -
− lnLmax 5280.1 5268.8 5266.8 5264.4 5262.9 5263.0 5265.8
TABLE III: Parameter estimations and best-fit likelihood values for various cosmological models, fitting for all the CMB data.
to temperature and polarization (both E- and B-modes)
from the different ingredients. If we compare models with
only one extra ingredient, we find that PL+Gµ[AH] fits
the data quite poorly, whereas PL+r, PL+Gµ[TX] and
PL+Gµ[SL] fit the data at roughly the same level, with
r being the best model followed closely by TX.
The Gµ constraint obtained from the full set of CMB
data is tighter than that from only BICEP2, especially
for the AH case. For this case, Planck bounds are strong
enough to push the corresponding BB spectrum far be-
low the BICEP2 data, in other words, the BICEP2 data
do not constrain further the AH model in the com-
bined Planck + BICEP2 case. By contrast, temperature
bounds for SL and TX [22] leave their BB power spectra
around the values of BICEP2 (for high ℓ), such that BI-
CEP2 alone is able to put comparable constraints on the
level of allowed defects. Our results are consistent with
the observation that accurately-determined B-modes can
distinguish between different types of defects [87].
The final possibility is the mixture of inflationary grav-
itational waves and cosmic defects, PL + r + Gµ. We
observe that there is less room for defects, and we only
obtain upper 95% bounds. Roughly, the mean values in
the previous cases become 95% values now. Here again
SL and TX do marginally better than AH strings, which
are not able to lower r. The reason has already been
mentioned: their contribution is so suppressed by the
constraints from the Planck data that the effect on ten-
sor modes is negligible.
B. Running of the scalar index
Here we do not consider the BICEP2 data alone, since
the running of the scalar spectral index affects mainly
the temperature channel. The results from a fit to the
full CMB dataset can be found in Table IV.
The model which contains gravitational waves plus
running is slightly preferred over PL+ r +Gµ, possibly
because if one also allows for running, r could take higher
values (e.g. see PL+ r+αs of Table IV) and therefore a
better fit of B-modes. Another typical effect of including
αs is that the scalar spectral index is pushed up, which
in principle implies more room for a defect contribution,
though in this case it only affects AH strings. Running
also changes the tilt of the temperature spectrum, caus-
ing an unexpected anticorrelation between Gµ and f10.
It is worth noting that for the TX and SL cases, allow-
ing for the running of the scalar index does not increase
the value of r; it remains around the same values as for
cases without αs. At the same time, allowing for defects
does not reduce the magnitude of the running.
C. Dust
As discussed in Section III, we consider a dust model
proposed by the Planck collaboration [85], given by
CBB,dustℓ = Adustℓ
−2.3 (3)
A similar model has been used by Mortonson and Sel-
jak [8] and Flauger et al. [9] to examine the robustness
of the BICEP2 result’s interpretation as primordial, and
we follow their approach.
6Dataset Planck + WP + High-ℓ + BICEP2
Model PL+ r +Gµ+ αs PL+ r + αs
Param AH SL TX -
ns 1.061
+0.028
−0.028 1.048
+0.026
−0.031 1.049
+0.030
−0.032 1.055
+0.031
−0.031
αs −0.032
+0.008
−0.009 −0.027
+0.010
−0.008 −0.027
+0.010
−0.010 −0.030
+0.010
−0.010
r 0.19+0.04
−0.05 0.15
+0.04
−0.06 0.14
+0.04
−0.06 0.20
+0.04
−0.05
1012(Gµ)2 < 0.10 < 1.3 < 0.71 -
f10 < 0.030 < 0.047 < 0.038 -
− lnLmax 5260.3 5259.2 5258.6 5261.6
TABLE IV: Parameter estimations and best-fit likelihood values for different cosmological models, fitting for all the CMB data.
These cosmological modes allow for the running of the scalar index.
In Fig. 3 we show the contributions to the B-mode
power spectrum from inflationary tensors, AH strings,
textures, and dust, together with the data points from
BICEP2. The normalization is the one obtained from
fitting only the BICEP2 data to a model PL plus one
extra ingredient (see Tables II and V). Note that the
lensing spectrum is added in all cases. In the figure it can
be seen that dust and r have more importance for lower ℓ;
therefore, in B-modes dust is in more direct competition
with r than with defects.
As in the previous section, we start analyzing BICEP2
B-mode data. The first thing we notice is that a model in-
cluding just dust as an extra ingredient is able to improve
the fit of PL + r. Moreover, if we consider a composite
model (PL+ r+Adust), the gravitational wave detection
disappears and the fit does not improve (as previously
found in Ref. [8]). The best-fit value for r is at r = 0, i.e.
a model with dust alone provides the best fit.
Dust combined with defects gives better results than
with gravitational waves. Note that in all cases (be it
with r or with any Gµ) the dust contribution is at the
same level. However, dust lowers the amount of defects
to about half the one obtained using PL+Gµ, and more
or less at the level of PL + r + Gµ. This last set of
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FIG. 3: B-mode spectra, including the lensing contribution,
using best-fit normalization values given in Tables II and V,
for tensors (thick solid black line), dust (thick dashed green
line), AH strings (dot-dashed blue) and textures (solid red
line). BICEP2 data points are also shown.
models does not improve the best-fit likelihood. Finally,
in a model with all ingredients (PL+r+Gµ+Adust), we
find that a model with no dust is possible at one-sigma,
and thus we quote an upper 95% confidence limit. This
is due to the fact that dust and inflationary tensors can
both account for the low ℓ part of the spectrum, whereas
defects account for the higher ℓ.
Considering the full CMB dataset, the picture is
roughly the same. Dust does a very good job on its own,
and any other combination improves only marginally the
best-fit log-likelihood. Once again, since the tempera-
ture power spectrum is also constraining the defect con-
tribution, we find only 95% upper bounds for defects.
The bounds for SL and especially TX are tighter than
those from Planck (see Table I). In all cases, the combi-
nation PL+Gµ+Adust does better than the equivalent
PL+ r +Gµ.
Note that the different mean values of Adust are due
to the differences in the lensing spectra due to different
cosmologies used in Tables V and VI.
V. DISCUSSION AND CONCLUSIONS
In this paper we investigate quantitatively the impact
of the recent detection of B-mode polarisation by the BI-
CEP2 collaboration [3] on models containing topological
defects, extending the results of our earlier, more qual-
itative, study [4]. In accordance with our earlier paper,
we find that topological defects on their own are a poor
fit to the signal and that we need an additional contribu-
tion, either inflationary gravitational waves or polarised
dust emission.
When considering only the BICEP2 B-mode polariza-
tion data, we find that the combination of topological de-
fects and inflationary gravitational waves (PL+ r+Gµ)
or topological defects and dust (PL+Gµ+Adust) slightly
improves the fit over inflationary gravitational waves
alone (PL + r) or dust alone (PL + Adust). This is be-
cause topological defects help to fit the BICEP2 data
points at ℓ & 200, which lie above the lensing B-mode
contribution, cf. Fig. 3. The combination of inflationary
gravitational waves and dust on the other hand does not
7Dataset BICEP2 (only BB)
Model PL+Gµ+Adust PL+ r +Gµ+ Adust PL+ r + Adust PL+Adust
Param AH SL TX AH SL TX - -
r - - - < 0.11 < 0.10 < 0.18 < 0.22 -
1012(Gµ)2 0.17+0.08
−0.10 0.74
+0.40
−0.40 0.37
+0.16
−0.24 0.17
+0.05
−0.08 0.72
+0.32
−0.41 0.36
+0.16
−0.21 - -
Adust [µK
2] 0.20+0.06
−0.08 0.20
+0.06
−0.08 0.19
+0.06
−0.09 < 0.26 < 0.25 < 0.25 0.19
+0.10
−0.10 0.30
+0.06
−0.07
− lnLmax 1.7 1.7 1.8 1.5 1.5 1.7 3.3 3.3
TABLE V: Parameter estimations and best-fit likelihood values for different cosmological models, fitting for the BICEP2 data.
This is similar to Table II, but in this case a dust model is included.
Dataset Planck + WP + High-ℓ + BICEP2
Model PL+Gµ+Adust PL+ r +Gµ+ Adust PL+ r + Adust PL+Adust
Param AH SL TX AH SL TX - -
r - - - < 0.10 < 0.09 < 0.10 < 0.11 -
1012(Gµ)2 < 0.074 < 0.97 < 0.54 < 0.075 < 0.97 < 0.56 - -
f10 < 0.019 < 0.031 < 0.026 < 0.019 < 0.032 < 0.027 - -
Adust [µK
2] 0.24+0.05
−0.06 0.21
+0.06
−0.06 0.19
+0.06
−0.07 0.20
+0.06
−0.07 0.16
+0.07
−0.07 0.15
+0.06
−0.07 0.21
+0.07
−0.06 0.25
+0.05
−0.06
− lnLmax 5259.6 5259.4 5258.5 5259.5 5259.3 5258.4 5259.6 5260.0
TABLE VI: Parameter estimations and best-fit likelihood values for different cosmological models, fitting for all the CMB data.
This is similar to Table III, but in this case a dust model is included.
improve the fit over either contribution alone. We note
that there are hints in the cross-correlation between BI-
CEP2 and Keck array data [3] that the central values of
the B-mode power spectrum will decrease in the future,
which will have the effect of more strongly constraining
the defect contribution.
The situation changes slightly when we consider the
full CMB dataset, consisting of Planck + WP + High-ℓ
+ BICEP2. In this case the texture model on its own
(PL + Gµ[TX]) is only slightly worse than inflationary
gravitational waves (PL+r), while cosmic strings (PL+
Gµ[AH]) are ruled out as the sole source of B-modes.
Dust on the other hand is much better, so that PL+Adust
is the globally-preferred model, and neither defects nor
inflationary gravitational waves are able to improve the
goodness of fit significantly.
When considering parameter constraints on Gµ, we
find that BICEP2 on its own constrains the SL and TX
models to roughly the same level as Planck data do. In
other words, the constraints obtained from BICEP2 alone
for SL and TX are as strong as the ones obtained from
Planck data. On the other hand, Planck data constrains
AH strings more strongly than BICEP2. The reason is
that the combined temperature anisotropy dataset con-
straints on defects come from ℓ & 100, where the string-
induced power spectrum peaks higher and decays more
slowly than those of the other defects for a given Gµ.
The constraints become tighter when including a con-
tribution from inflationary gravitational waves or dust.
For the full CMB dataset and for a model with defects
and dust (see Table VII), we find Gµ < 2.7×10−7 for AH,
Gµ at < 95% f10 at < 95%
Abelian Higgs strings 2.7× 10−7 0.019
Semilocal strings 9.8× 10−7 0.031
Textures 7.3× 10−7 0.026
TABLE VII: 95% confidence limits for Gµ and f10 obtained
using PL+Gµ+Adust and the full CMB dataset.
Gµ < 7.3×10−7 for TX andGµ < 9.8×10−7 for SL (all at
95%). These constraints are tighter than ones found by
the Planck collaboration for the temperature data alone
[22] (especially for texture, see Table I), which shows the
importance that even the current B-mode polarisation
data has for constraining topological defects.
Note added - While this paper was being refereed the
Planck collaboration submitted a paper [88] where they
update their dust model to CBBℓ ∝ ℓ
−2.45 (to be com-
pared with equation (2)). We do not expect our results to
change significantly with this new power law. We tested
the case of PL+Gµ[AH] +Adust fitted to the full CMB
dataset, and found that the upper 95% confidence limit
in Gµmoves from 2.7×10−7 to 2.9×10−7 (see Table VII),
which supports our expectations.
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